III complexes of cyclometalating ligands derived from 1-methyl-2-(2'-pyridyl)pyridinium or 1-methyl-4-(2'-pyridyl)pyridinium are described. These complexes of the form [Ir 
Introduction
Cyclometalated Ir III complexes have attracted attention for many years, with a primary focus being their fascinating optical emission properties. [1] [2] [3] [4] [5] [6] [7] Such species show high stability, large quantum yields and long-lived excited states, due to strong spin-orbit coupling. Therefore, they are of interest for uses in a wide range of fields including organic light-emitting diodes (OLEDs), [8] [9] [10] light-emitting electrochemical cells, [11] [12] [13] chemosensors and biological imaging. [14] [15] [16] [17] [18] [19] [20] Most of the reported complexes fall into two classes; neutral homoleptic Ir III (C^N) 3 and heteroleptic Ir III (C^N) 2 (L-X) (C^N = cyclometalating ligand; L-X = monoanionic ancillary ligand), 8, 9, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] and monocationic heteroleptic species [Ir III (C^N) 2 (L-L)] + (L-L = neutral bidentate ligand). 7, [11] [12] [13] [33] [34] [35] [36] [37] [38] [39] [40] The emission properties of the latter are tuned readily, and various strategies have been adopted. These include changing the degree of π-conjugation in the ligands, 34 incorporating electron-rich S-heterocycles, [41] [42] [43] [44] or most commonly, functionalising C^N or L-L to adjust the energies of the metal and ligand orbitals. 1, 36, 37, 44 The electronic properties of substituents and their positioning with respect to the coordinating carbon of C^N influence greatly the energy of the emission. In the context of luminescence, Ir III complexes with C^N ligands derived from pyridinium species were apparently unknown until we reported those of deprotonated 1-methyl-3-(2′-pyridyl)pyridinium (3,2′-C^N). 45 The only previous account of structurally related species concerns catalytic studies with hydride complexes that are unsuitable for luminescence. 46 A number of reports of cyclometalated complexes of N-methylbipyridinium species with Pd/Pt 47 or Ru 48 have appeared. The bright blue or blue-green emission and aqueous solubility of our Ir III 3,2′-C^N species 45 suggests potential uses in highly efficient OLEDs and/or bio-sensing/imaging. Since the use of Ir III complexes in the latter context [16] [17] [18] [19] [20] 49 is often restricted by poor water solubility, 19 increasing their charge from the usual +1 to +3 is beneficial. This structural novelty opens doors for designing further complexes of C^N ligands based on quaternised bipyridinium units with attractive electronic and optical properties. In the previously published complexes [Ir III (C^N) 2 (N^N)] 3+ (N^N = α-diimine), both the nature and energy of the emission are highly influenced by substituents on the ancillary N^N ligand. 45 Density functional theory (DFT) calculations show that the blue emission observed when N^N = 2,2′-bipyridyl (bpy) or 4,4′-( t Bu) 2 bpy is mainly triplet ligand-centred ( 3 LC) with some triplet metal-to-ligand chargetransfer ( 3 MLCT) character from C^N. On the other hand, the blue-green emission observed when N^N = 4,4′-(CF 3 ) 2 bpy has 3 L′C with some 3 ML′CT nature, due to efficient inter-ligand energy transfer to N^N (L′). In addition to changing the substituents on N^N, it is of interest to study the effects on the emission properties of varying the location of the quaternised N centre in the C^N ligand. Here, we present a series of new Ir III complexes related to those described recently, but with the C^N ligands derived instead from 1-methyl-2-(2′-pyridyl)pyridinium of 1-methyl-4-(2′-pyridyl)pyridinium. Using as the ancillary ligand bpy, 4,4′-( t Bu) 2 bpy or 4,4′-(CF 3 ) 2 bpy allows detailed comparisons and reveals the importance of the position of the quaternised centre in achieving blue emission.
Experimental section

Materials and procedures
The compound 1-methyl-3-(2′-pyridyl)pyridinium hexafluorophosphate and the complex salts 4P-6P and 4Cl-6Cl were synthesised as described previously. 45 All other reagents were obtained commercially and used as supplied. Products were dried overnight in a vacuum desiccator (silica gel) prior to characterisation. In each case, the bold number refers to the complex cation, while the counter-anions are denoted by P for PF 6 − or C for Cl − .
General physical measurements
1 H NMR spectra were recorded on a Bruker UltraShield AV-400 spectrometer, with all shifts referenced to residual solvent signals and quoted with respect to TMS. Elemental analyses were performed by the Microanalytical Laboratory, University of Manchester, and UV-vis spectra were obtained by using a Shimadzu UV-2401 PC spectrophotometer. Mass spectra were recorded by using +electrospray on a Micromass Platform II spectrometer. Cyclic voltammetric measurements were performed by using an Ivium CompactStat. A single-compartment cell was used with a silver/silver chloride reference electrode (3 M NaCl, saturated AgCl) separated by a salt bridge from a 2 mm disc platinum working electrode and platinum wire auxiliary electrode. 1-Methyl-4-(2′-pyridyl)pyridinium iodide. This compound was prepared in a manner identical to 1-methyl-3-(2′-pyridyl)-pyridinium iodide by using 2,4′-bipyridyl (500 mg, 3.20 mmol) in place of 2,2′-bipyridyl to give an off-white powder: 915 mg (96%). δ H (400 MHz, CD 3 1-Methyl-2-(2′-pyridyl)pyridinium hexafluorophosphate. 1-Methyl-2-(2′-pyridyl)pyridinium iodide was dissolved in a minimum of water and filtered to give a pale yellow solution to which solid NH 4 51 and refined by full-matrix least-squares on all data by using SHELXL-97. All other calculations were carried out by using the SHELXTL package.
52
All non-hydrogen atoms were refined anisotropically (except for those of a disordered solvent molecule in 1P·1.5Me 2 CO·0.25Et 2 O) and hydrogen atoms were included in idealised positions by using the riding model, with thermal parameters 1.2 times those of aromatic parent carbon atoms, and 1.5 times those of methyl parent carbons. The asymmetric unit of 1P·1.5Me 2 CO·0.25Et 2 O contains the complex cation, three disordered PF 6 − anions, an ordered acetone molecule, a disordered acetone at 0.5 occupancy and a disordered diethyl ether molecule at 0.25 occupancy. All non-H atoms were refined anisotropically, except for the disordered diethyl ether; some restraints were applied for the disordered atoms. H atoms were included in calculated positions, except those of the disordered diethyl ether, which were omitted. The asymmetric unit of 2P·2C 4 H 8 O 2 contains the complex cation, three PF 6 − anions and two 1,4-dioxane molecules.
The C-O distances in one 1,4-dioxane molecule had to be restrained to 1.4 Å and the displacement parameters for the six ring atoms were refined by using the RIGU and DELU commands. The asymmetric unit of 3P·4MeCN contains the complex cation, three PF 6 − anions, one of which is disordered, and four acetonitrile molecules, three of which are disordered. Restraints were applied to the F atoms of the disordered PF 6 − . Crystallographic data and refinement details are presented in Table 1 .
Theoretical studies
DFT and time-dependent DFT (TD-DFT) calculations were undertaken on the complex cations 1-3 and 7 by using Gaussian 09. 53 Geometry optimisations of the singlet ground (S 0 ) and first triplet excited (T 1 ) states and subsequent TD-DFT calculations were carried out by using the M06 functional 54 with the Def2-QZVP 55,56 basis set and pseudopotential on Ir and Def2-SVP 57 on all other atoms. MeCN was used as CPCM solvent model. 58, 59 Using these parameters, the first 100 excited singlet states were calculated and simulated UV-vis absorption spectra were convoluted with Gaussian curves of fwhm 3000 cm −1 by using GaussSum. 
Results and discussion
Synthesis and characterisation
The new complexes 1-3 and 7-9 ( Fig. 1) were synthesised by following the procedure used previously for 4-6. 45 The cyclometalated chloride-bridged dimeric intermediates were isolated in crude form only, but identified by 1 
Structural studies
Single crystals were obtained for solvated forms of 1P-3P and 7P, and also unexpectedly for the chloride complexes in 10P and 11P.
Crystallographic data and refinement details are summarised in Table 1 . Representions of the molecular structures of the complex cations are shown in Fig. 3 , and selected distances and angles are presented in Table 2 . The structures of solvates of 4P and 6P have been reported previously, 45 and data are included here for comparison purposes. All of the tris-chelate complexes in 1P-4P, 6P and 7P exhibit a pseudooctahedral geometry around the Ir centre with two cyclometalating bipyridinium ligands and one bidentate bpy, 4,4′-( t Bu) 2 bpy or 4,4′-(CF 3 ) 2 bpy ligand. The strong trans effects of the C-donor fragments affect the structures in two important ways. First, these units adopt a cis geometry, so the pyridyl rings of the C^N ligands are trans disposed. Second, the Ir-N distances to the N^N ligand are extended by ca. 0.07-0.09 Å when compared with those to the C^N ligand in all cases, except for one of the independent complexes in 4P. The Ir-N 12.2122 (7) 8.9237 (12) 13.8628 (7) b/Å (2) 100 (2) 100 (2) 100 (2) 100 (2) 180 (2) μ/mm 
Electrochemistry
The results of cyclic and differential pulse voltammetric measurements on the PF 6 − salts 1P-9P recorded in acetonitrile are shown in Table 3 . Cyclic voltammograms of 1P-3P are shown in Fig. 4 . All potentials are quoted in V with respect to the Ag-AgCl reference electrode.
Each compound shows an irreversible oxidation process in the region ca. 2.2-2.5 V, which might be formally assigned to an Ir IV/III couple. The relatively high potentials when compared with related complexes of ppy 6, [11] [12] [13] [33] [34] [35] [36] [37] [38] [39] 42 are attributable to the presence of the electron-deficient pyridinium units. DFT calculations (see below) show that the C^N ligands contribute to the HOMO significantly. With a given bipyridinium isomer, the E pa value increases in the order N^N = 4,4′-( t Bu) 2 bpy < bpy < 4,4′-(CF 3 ) 2 bpy, showing a modest influence (130-190 mV) of the R substituents. As N^N is kept constant, the E pa value increases in the order C^N = 2,2′-≈ 4,2′-< 3,2′-, revealing that the complexes in which the quaternised N atom is located para to the Ir centre are the most difficult to oxidise (by 180-240 mV). The reductive regions include multiple processes (Fig. 4) . For the 2,2′-C^N complexes in 1P-3P, four reversible waves are observed, corresponding with sequential one-electron reductions to give a monoanionic final product. The E 1/2 values are similar for the complexes of bpy (1) and 4,4′-( t Bu) 2 bpy (3), while those for the complex of 4,4′-(CF 3 ) 2 bpy (2) are lower by 60-420 mV, because the electron-withdrawing influence of the -CF 3 groups facilitates reduction. Similar behaviour is shown by the 4,2′-C^N complexes in 7P-9P, except that 7 and 8 display only three waves instead of four. For both 2,2′-and 4,2′-C^N series, the 1+/0 E 1/2 value shows the largest dependence on R, suggesting that this third reduction is localised on the N^N ligand. Therefore, the first and second reductions may be assigned to the C^N ligands. In contrast, the reductive behaviour of the 3,2′-C^N complexes in 4P-6P is much less well-defined, with most of the processes being irreversible. Also, sharp anodic return peaks are observed for 1 and 3, indicative of adsorption onto the electrode surface. The nature of these data preclude the discernment of any further trends.
Electronic absorption spectroscopy
The absorption spectral data for the PF 6 − salts of the new complexes 1-3 and 7-9 recorded in acetonitrile are shown in Table 4 , together with those for 4-6. 45 Corresponding data for the Cl − salts in water are collected in Table S2 , † and spectra of 1P-4P and 7P are shown in Fig. 5 . All of complexes 1-9 show intense bands below 320 nm which are assigned to π → π* and high energy MLCT transitions involving both the C^N and N^N ligands. Weaker bands are observed also, with tails extending up to ca. 480 nm in some cases. The lowest energy (LE) band is clearly blueshifted in the 3,2′-C^N complexes 4-6 (λ max for shoulders ≈ 350-360 nm) when compared with the new complexes 1-3 and 7-9 (λ max for shoulders ≈ 425-445 nm) (Fig. 5a) . DFT shows that this band in 4-6 has 1 MLCT character with some 1 ML′CT and also 1 LL′CT contributions for 4 and 5 (L = C^N; L′ = N^N). 45 The slight shifts (ca. 0.1 eV) when R changes (Fig. 5b) are consistent with the largely 1 MLCT assignment.
The observed blue-shifts when varying the structure of the C^N ligands are attributable to destabilisation of their π* orbitals because the para-position of the quaternised N increases its neutral carbene character. Therefore, the energy gap of the MLCT transition increases in 4-6 with respect to their isomeric counterparts 1-3 and 7-9. The absorption spectra are almost unaffected by changing the counter-anions and solvent (Tables  4 and S2 †) .
Luminescence properties
The emission spectral data for the PF 6 − and Cl − salts of the new complexes 1-3 and 7-9 recorded in deoxygenated and oxygenated acetonitrile or water are shown in Table 5 , together with those for 4-6. 45 Spectra of 1P, 4P and 7P are shown in Fig. 6 , while those of the other compounds are in the ESI (Fig. S1 and S2 †) . Changing the counter-anion and solvent has only slight effects on the excitation profiles that remain constant in all cases while monitoring at all the emission maxima. All of the spectra are structured, especially for complexes 4-6, 45 indicating significant ligand contributions to the luminescence. The profiles and emission energies of 1-3 and 7-9 are similar and red-shifted when compared to 4-6 (Fig. 6 , S1 and S2 †). The importance of the position of the quaternised b Denotes the position with respect to the quaternised N atom of the N-coordinated 2′-pyridyl ring.
c E pa for an irreversible oxidation process determined via differential pulse voltammetry: potential increment = 2 mV; amplitude = 50 mV; pulse width = 0.01 s.
d Data taken from ref. 45 . e E pc for an irreversible reduction process. N is evident; when it is located meta to the cyclometalating C atom, green emission is observed (λ max = 508-530 nm), but when it is positioned para to the C, blue or blue-green emission arises (λ max = 468-494 nm). This difference is attributable to the almost carbene-like character and consequent relative orbital energies in 4-6. The influence of the R substituents in the 2,2′-C^N (1-3) and 4,2′-C^N (7-9) complexes is small. The emission energies follow the expected trend R = t Bu < H < CF 3 , but with a difference of only ca. 0.05 eV between the extremes (Table 5 ). This effect can be attributed to the stabilisation of the metal orbitals caused by placing electron-withdrawing groups on the ancillary ligand. These results suggest that in all of these new complexes the emission has a mainly 3 LC character involving the C^N ligand with some 3 MLCT contribution. By contrast, for the 3,2′-C^N complexes, such a situation pertains for 4 and 6, but 5 behaves differently and gives N^N-based emission. 45 Therefore, in that series the emission energy is decreased (and the bands red-shifted) for the -CF 3 derivative with respect to the other complexes. When keeping N^N constant, the quantum yields (Φ) of 1-3 and 7-9 are generally similar to, or a little larger than those of Table 5) , showing that moving the quaternised N to a meta-position with respect to the cyclometalating C does not facilitate non-radiative decay. In contrast to the almost invariant emission energies, τ always increases and Φ increases in most instances (sometimes markedly) on moving from a PF 6 − salt in acetonitrile to its Cl − analogue in water. In all cases, both τ and Φ increase substantially on deoxygenation, consistent with emission originating from triplet excited states.
4-6 (
Theoretical calculations
DFT and TD-DFT calculations have been carried out on the complexes 1-3 and 7 by using the M06 functional with the Def2-QZVP basis set on Ir and Def2-SVP on all other atoms, as used for 4-6 previously. 45 The optimised structures in the ground state agree well with the data obtained from X-ray crystallography (see the ESI, Table S3 †). Selected MOs are depicted in Fig. S3-S6 , † and the orbital compositions are shown in Table S4 . † The frontier orbitals HOMO−2 to LUMO+2 are essentially invariant within the cations 1-3 and 7. The HOMO−1 and HOMO−2 are mainly centered on the Ir atom (67-72%) with some contribution from the C^N ligand (16-22%), while the HOMO has almost the same contribution from both fragments (Ir 47-55%; C^N 43-51%). The LUMO and LUMO+1 are based on C^N almost completely (96-98%), while the LUMO+2 is located on N^N (95-97%).
The S 0 → S 1 transition energies calculated in acetonitrile and the corresponding major orbital contributions are presented in Table S5 (ESI †). The simulated absorption spectra for complexes 1-3 agree well with those measured (Fig. 7) . The calculated wavelengths of the LE transitions 421 (1), 412 (2), 424 (3) and 416 nm (7) are slightly blue shifted with respect to the experimental λ max values (437 (1), 426 (2), 445 (3) and 435 nm (7); Table 4 ). In all complexes, this transition has almost pure HOMO → LUMO character (92-95%). Therefore, the LE bands can be assigned to a mixture of 1 LC and 1 MLCT (L = C^N). The observed modest dependence of the LE transition on the R substituents is reproduced by the calculations on 1-3, i.e. ΔE increases in the order R = t Bu < H < CF 3 . Comparisons with the data obtained for 4-6 45 show that the level of theory applied also predicts the red-shifts of the LE band observed on moving from the 3,2′-C^N complexes to their 2,2′-C^N counterparts 1-3 (and for 4 → 7); the calculated λ values are 347 (4), 342 (5) and 348 nm (6). For 1-3 and 7, the first computed transition involving mainly the N^N ligand (i.e. a dominant component to LUMO+2; in all cases HOMO−2 → LUMO+2 1 MLCT) lies to markedly higher energy when compared with the LE transition. The electronic influence of the R substituents is manifested in the predicted energies. The transition is at 3.90 eV (318 nm) for 1, 3.99 eV (311 nm) for 3 and 3.87 eV (320 nm) for 7, but 3.69 eV (336 nm) for 2 due to the stabilisation of the LUMO+2 by the -CF 3 groups. The nature of the luminescence was addressed by optimising the first triplet excited states T 1 of 1-3 and 7. The computed geometric parameters of these states are similar to those found for the corresponding ground states S 0 (Table S3 , ESI †). The lowest energy emissions calculated in acetonitrile as ΔE(T 1 − S 0 ) at 531 (1), 527 (2), 538 (3) and 521 nm (7) are close to the experimental values (526 (1), 519 (2), 530 (3) and 520 nm (7); Table 5 ). Also, the calculations reproduce the experimental trend in the emission wavelengths (λ em 2 < 1 < 3). The spin densities for the T 1 state for all complexes (Fig. 8) are located mainly on one C^N ligand, together with the Ir atom to a Solutions 5 × 10 −5 M in acetonitrile for PF 6 − salts, water for Cl − salts. b Denotes the position with respect to the quaternised N atom of the N-coordinated 2′-pyridyl ring.
c With excitation over the range 350-440 nm for 1-3 and 7-9, and 315-400 nm for 4-6. deox = deoxygenated; ox = oxygenated.
d Estimated experimental errors ±10%. e Data taken from ref. 45 . a lesser extent. Therefore, the emissions can be assigned as 3 LC involving the cyclometalating ligand with some 3 MLCT contribution. These results are similar to those obtained for complexes 4 and 6, 45 showing that the only complex of the nine studied with a different nature of the emission is 5. In that case, the -CF 3 substituents stabilise the 3 L′C state, causing efficient inter-ligand energy transfer from the C^N to the emitting N^N fragment. In complex 2, the stabilisation due to the -CF 3 groups is insufficient to bring the energy of the 3 L′C below the 3 LC state.
Conclusions
We have synthesised and characterised a series of new Ir analogues are reproduced theoretically. In contrast to the 3,2′-C^N complexes that show intense blue or blue-green emission, the new isomeric species are all green emitters. The emission is shown by DFT to originate from 3 LC excited states involving the cyclometalating ligand with some 3 MLCT contribution. Therefore, changing the N^N ligand has only a minor influence on the luminescence. Neither the absorption nor emission spectra show more than slight solvent dependence. In terms of future prospects, there is great scope for modifying the optical properties of these highly charged complexes, for example by changing the substituent on the quaternised N atom and/or attaching other groups to either the C^N or N^N ligands.
